Since 1959, studies of tularemia and typhoid fever during vaccine trials have led to reproducible clinical forms of the disease in man (1) . Such clinical models have permitted observations of a variety of physiologic parameters in the same subject before, during, and after infection and have provided a unique opportunity to evaluate the role of endotoxin in the pathogenesis of these illnesses. Previously (2) , the acquisition of significant tolerance to the pyrogenic activity of bacterial endotoxins was described in volunteers convalescent from induced typhoid fever and tularemia. In contrast, no tolerance was acquired after infection with the viral agent of sandfly fever. These findings suggested the release of physiologically active quantities of circulating endotoxin during human typhoid fever and tularemia. The present study is a continuation of such investigations de- signed to evaluate the role of endotoxin in mediating the pathophysiologic derangements during gram-negative bacterial infections in man.
The introduction of bacterial endotoxins into the blood stream of man and other mammals results in profound alterations in circulatory homeostasis (3) . Although the manner of mediation of such disturbances is uncertain, alterations in vascular reactivity to catecholamines may constitute one important mechanism. In the intact rabbit and rat, marked hyperreactivity of the cutaneous * Submitted for publication November 19, 1963 and mesenteric vascular beds develops to local application of catecholamines after an initial intravenous injection of a variety of endotoxin preparations (4) (5) (6) . Similarly, the systemic arterial pressor responses to intravenous catecholamines are significantly enhanced (7) . Such cardiovascular hyperreactivity is sufficiently characteristic and reproducible to serve as a bioassay system for endotoxin. Moreover, such a bioassay system can detect small quantities of endotoxin; in the rabbit, 1 ,ug of intravenously injected endotoxin can sensitize the cutaneous vascular bed to the hemorrhagic inducing effect of catecholamines given intradermally (4, 8, 9) . Since endotoxins produce such profound alterations in reactivity to catecholamines, cardiovascular reactivity was assessed before and during human infections induced with Salmonella typhosa and Pasteurella tularense. Control studies were performed during sandfly fever infection, since this illness represents a febrile disease in which endotoxin presumably does not participate.
Methods and Materials
The volunteers employed, the nature of the infectious agents, and the clinical course of typhoid fever, tularemia, and sandfly fever have been described in the preceding paper (2) . All syringes and needles were preheated in a dry air oven at 1800 C overnight to eliminate extraneous pyrogenic contamination.
Assay of cardiovascular reactivity to catecholaminies. All volunteers were hospitalized before the induction of infectious illness. Base-line control responses to iv infusions of l-norepinephrine1 were obtained after the subjects had been confined to bed and covered with a light blanket. Each test was begun between 9 and 10 a.m. An iv infusion of pyrogen-free physiologic saline was initiated in an antecubital vein. Blood pressure in the opposite arm was monitored by the auscultatory method. The mean arterial blood pressure was estimated by adding one-third the pulse pressure to the diastolic pressure. Blood flow through the nailfold capillary bed of the fourth finger of the extremity receiving the saline infusion was observed through a Leitz nailfold capillary microscope at seventyfold magnification. The nailfold skin was prepared by the application of a film of cedar oil. One-half hour later, or longer if the arterial blood pressure or nailfold capillary vasomotor activity had not stabilized, an infusion of l-norepinephrine in pyrogen-free physiologic saline (4 lg per ml) was substituted by turning a three-way stopcock without the knowledge of the subj ect. The rate of norepinephrine infusion was increased stepwise, and with each increment the maximal change in arterial blood pressure and pulse rates was recorded. Alterations in nailfold capillary vasomotor activity were observed concomitantly. The minimal rate of norepinephrine infusion required to induce ischemia of the capillary bed was determined by the point at which blood flow ceased through two or more capillary loops in the selected microscopic field. The technique and interpretation of this procedure for assay of capillary reactivity to catecholamines have been described in detail previously (10, 11) . These assays were repeated at varying intervals during illness.
On the day after the above control studies, each subject was given an intradermal injection of epinephrine2 or norepinephrine on the volar surface of the forearm or on the anterior abdominal wall. In all instances, 0.1-ml volumes were injected through 27-gauge needles; unless otherwise specified, 100 ,g of the catecholamine base was administered. The resulting reactions were inspected at 15, 30, 60, and 120 minutes and at 24 and 48 hours. The intradermal testing was repeated daily after the onset of illness. during overt typhoid illness and during subsequent convalescence at the same infusion rates employed for the control period. The responses are summarized in Table I , and a typical reaction pattern is detailed in Figure 1 . Increased responsiveness of both diastolic and systolic arterial blood pressure to norepinephrine was observed consistently during illness and during the early phase of convalescence. The hyperreactivity in all subjects during illness, as judged by the percentage of increase in mean arterial blood pressure, was highly significant (p < 0.001 for norepinephrine infusion The reactivity of the nailfold capillary bed to norepinephrine paralleled that of the arterial blood pressure. In every subject, the rate of norepinephrine infusion capable of obliterating visible capillary blood flow during illness was one-half or less that required during the control state. This hyperreactivity was highly significant (p < 0.005) and extended into the early convalescent phase. The vasomotor responses of the nailfold capillary bed are summarized in Table I , and a typical response pattern is shown in Figure 1 . Although the base-line capillary vasomotor activity was fre- quently intensified during typhoid fever (Table I) , sufficient exceptions occurred to indicate that the hyperreactivity to norepinephrine during illness could not be attributed simply to such an intensified initial capillary vasomotion. In two subjects given prednisone on day 4 of overt typhoid illness (TF no. 5 and 6), transient defervescence and subsidence of toxemia ensued without detectable effects on the pressor or nailfold capillary hyperreactivity to norepinephrine (Table I) .
The vascular effects after intradermal injections of 0. inducing the hemorrhagic dermal lesions. In three subjects with positive reactions, graded diluttions of epinephrine were employed. In one subject, quantities down to but not below 10 /jg elicited positive gross lesions; in the other two, the threshold dose was 50 /xg. The hemorrhagic dermal responses to the catecholamines continued into the initial week of the afebrile convalescent lhase of typhoid fever, and one subject continued to respond for 3 weeks before reverting to normal (i.e., negative) reactivity.
A typical gross appearance of the dermal hemorrhagic lesions elicited by epinephrine during typhoid fever is shown in Figure 2 . The histologic appearance, based upon biopsy of a hemorrhagic lesion 24 hours after the intradermal injection of 100 ,ug of epinephrine, is shown in Figure 3 . The major pathologic alterations were a) extravasated red blood cells, b) minimal inflammatory cellular response, and c) fibrinoid arteriolar necrosis without thrombus formation. Repeat biopsy from a comparable dermal area 24 hours after the same quantity of epinephrine in the same subject 4 weeks after convalescence from typhoid fever revealed no abnormal findings.
The altered cardiovascular responses after exposure to endotoxin may result from the release of vasoactive endogenous substances such as serotonin (13, 14) . Since platelets are readily clumped by endotoxin and then release serotonin (15) , the effect of typhoidal infection on the circulating platelets was determined. In each of six subjects, a precipitous decline in circulating platelet levels consistently developed concomitantly with the rise in temperature during overt illness. The thrombocytopenia persisted throughout the (Tables II and III) . Actually, during the febrile phase of these illnesses, a significant diminution in reactivity occurred based on the percentage of change in mean arterial blood pressure during norepinephrine infusions. In tularemic patients, the significance of the impaired pressor response to 0.10 pg per kg per minute of norepinephrine was p < 0.025; in the sandfly fever subjects, p < 0.05 for the combined impairment of responses to 0.05, 0.10, and 0.15 pg per kg per minute of norepinephrine. These reduced pressor responses were not attributable to shifts in the base-line mean arterial blood pressure, since no significant changes occurred during illness (Tables II and III) . Although some subjects exhibited diminution in nailfold capillary vasomotor responses to norepinephrine, no over-all significant changes in reactivity of this bed were observed. All subjects were also skin tested serially with 0.1 ml of 100 ug of epinephrine and norepinephrine during the febrile and convalescent phases of illness. In no case were hemorrhagic reactions observed. 49 II I-C tivity of the arterial blood pressure and of the nailfold capillary bed to norepinephrine was studied in five normal volunteers before and after single iv injections of a quantity of purified bacterial endotoxin sufficient to evoke moderate febrile and toxic responses. The S. typhosa endotoxin4 (0.5 ug per ml) was suspended in pyrogenfree physiologic saline, and the Escherichia coli endotoxin (0127B8)5 was suspended in a concentration of 1 ug per ml. Both preparations were bacteriologically sterile, and their ability to evoke febrile and toxic reactions in larger numbers of volunteers has been documented previously (2) .
During the base-line observations, an infusion of pyrogen-free physiologic saline was begun in the antecubital vein of one arm while arterial blood pressure was monitored by the auscultatory method in the opposite extremity. Intermittently, without the knowledge of the subject, a constant infusion of norepinephrine was substituted by turning a three-way stopcock. The arterial blood pressure and nailfold capillary responses were monitored until the responses became constant. The norepinephrine was then discontinued and the saline infusion reinstituted. These tests were repeated at various intervals after the iv injection of endotoxin. The responses of the arterial blood pressure to endotoxin and the increments in pressure evoked by norepinephrine during the initial 3 to 4 hours after endotoxin are shown in Figure 5 . No significant or consistent hyperreactivity to norepinephrine was observed; indeed, diminution in reactivity occurred during the maximal febrile phase. Moreover, no changes in nailfold capillary vasomotor reactivity could be detected. All subjects experienced moderate toxic reactions from the endotoxin, i.e., headache, chilliness, myalgia, and anorexia.
Fifteen additional subjects were tested by intradermal injections of 0. intradermally into the anterior abdominal wall 2 hours after iv injections of 0.5 Mug of the endotoxin. 6 The effect of mixtures of epinephrine and endotoxin were assayed in six additional normal subjects. The skin of the anterior abdominal wall received injections as follows: all subjects received 0. 25 consistently evoked in the anterior abdominal wall of young albino rabbits with concentrations of endotoxin down to (but not below) one-fifth those employed here. Indeed, except for the initial blanching, the gross appearances of the endotoxin-epinephrine mixtures in man simulated those produced by the endotoxin-saline mixtures. Each was characterized by an intense inflammatory reaction persisting for approximately 2 weeks. Of interest, all subjects complained of severe "beesting" sensations for 24 to 48 hours at the site of the epinephrine-endotoxin mixture injection; no discomfort was noted at the control sites.
Discussion
The similarities between the clinical and pathological manifestations of typhoid fever and the reactions induced by bacterial endotoxin suggest that the latter may play an important role in the pathogenesis of this infectious illness (20) . Supporting this hypothesis, our previous study (2) showed that significant tolerance is acquired to the pyrogenic activity of homologous and heterologous bacterial endotoxins after typhoid fever. In the present investigation, cardiovascular reactivity to catecholamines was selected for study because increased reactivity characteristically fol-lows the injection of endotoxin into the intact rabbit and rat (4) (5) (6) (7) . Moreover, intradermal testing with catecholamines during a variety of illnesses in man supports the concept that hemorrhagic responses may accompany endotoxemia (21) . Significant increases in cardiovascular reactivity to norepinephrine developed during typhoid fever as judged by the percentage of rise in mean arterial blood pressure. Since cardiac output and total peripheral resistance were not measured, the relative contributions of each parameter to the enhanced pressor response could not be quantitated. Nevertheless, enhanced peripheral vascular reactivity appeared to participate in the exaggerated pressor response, as indicated by the increases in vasomotor activity of the nailfold capillary bed during norepinephrine infusion. In addition, gross hemorrhagic lesions developed at the sites of intradermal injection of both epinephrine and norepinephrine. Histologically, such catecholamine-induced dermal lesions were similar to those described in rabbits pretreated with endotoxin (4). These hyperreactive cardiovascular responses could not be attributed to nonspecific effects of fever or infection; significant depression of reactivity to catecholamines rather than enhancement was observed during the febrile phases of tularemia and sandfly fever. The hyperreactivity also could not be attributed to shifts in base-line arterial blood pressure. That it reflected an inability to detoxify catecholamines is unlikely, since no increases in 24-hour urinary excretion of catecholamines or their degradation products were detected in two subjects studied throughout illness. Nor could the hyperreactivity be attributed to the chloramphenicol employed therapeutically as enhanced responsiveness was apparent before its administration. Conceivably, release of vasoactive substances from injured platelets contributed to the hyperreactivity, since endotoxin causes platelet clumping and release of serotonin (15) , a substance postulated to induce vascular hyperreactivity to catecholamines (13, 14) . Moreover, human platelets are rich in serotonin (22) , and thrombocytopenia promptly appeared at the onset of overt illness and was maintained throughout the febrile phase. Further studies, however, are required to define the role of platelet injury during typhoid fever.
Although the above findings suggested that endotoxin might be responsible for the augmented cardiovascular reactivity to catecholamines during typhoid illness, subsequent observations required reconciliation with this interpretation. a) The administration of single iv doses of endotoxin to normal subjects sufficient to evoke febrile and toxic reactions as severe as those seen during the early phase of typhoid illness failed to induce vascular hyperreactivity to catecholamines. This finding, however, does not exclude the role of endotoxin. The physiologic derangements induced by a single iv injection of endotoxin into a normal subject may not reflect those evoked by endotoxemia during infection. Indeed, significant hyperreactivity to the pyrogenic and toxic effects of endotoxin is known to occur during typhoid fever (23, 24) . b) Intradermal injection of mixtures of endotoxin with epinephrine in normal subjects did not elicit local hemorrhagic lesions, and c) the cardiovascular hyperreactivity to catecholamines persisted 1 or more weeks into the afebrile convalescent phase of typhoid fever. These observations are compatible with the hypothesis that endotoxin induces vascular hyperreactivity to catecholamines by indirect action and that the responsible intermediates can remain active for some time after endotoxemia (4, 13). d) Cardiovascular hyperreactivity to catecholamines failed to appear during tularemia, a disease clinically similar to typhoid fever, induced by a gram-negative bacteria containing endotoxin, and resulting in endotoxin tolerance (2) . Insufficient release of physiologically active endotoxin may occur during tularemic infection to induce cardiovascular hyperreactivity. Moreover, the tularemic infection was generally interrupted with streptomycin after only 36 hours of overt illness; vascular hyperreactivity to catecholamines at a later phase in untreated disease cannot be excluded. Although the findings thus remain compatible with the hypothesis that endotoxin initiates the vascular hyperreactivity to catecholamines during typhoid fever in man, we emphasize that this relationship is unproven and that other mechanisms may be operative. Thus the intestinal mucosa of man and animals possesses high serotonin concentrations (25, 26) . Intestinal injury by ischemia confers catecholamine sensitizing properties to the portal blood of rabbits, presumably by augmenting the release of serotonin from the bowel (14) . Conceivably, intestinal inflammation during typhoid fever in man evokes similar enhanced release of such vasoactive substances. Summary Cardiovascular reactivity to catecholamines was studied in previously healthy volunteers before and during induced typhoid fever, tularemia, and sandfly fever. During typhoid fever, significant increases in reactivity developed as evidenced by the increments in mean arterial blood pressure and nailfold capillary vasomotor activity during norepinephrine infusions, and by the appearance of gross hemorrhagic lesions after intradermal injection of epinephrine or norepinephrine. Hyperreactive pressor responses to infusions of norepinephrine were apparent on the first day of overt illness; the hemorrhagic dermal reactions appeared 5 to 7 days after the onset of illness. No increase in cardiovascular reactivity to catecholamines developed in control subjects in whom sandfly fever was induced or in subjects that failed to manifest overt illness after challenge with viable Salmonella typhosa. The cardiovascular hyperreactivity during typhoid fever could not be attributed to shifts in base-line arterial blood pressure or inability to detoxify catecholamines; the consistent thrombocytopenia during typhoid fever, in conjunction with prior platelet studies, suggests that platelet injury may participate.
Although the alterations in cardiovascular reactivity to catecholamines during typhoid fever resembled those in intact experimental animals given endotoxin, additional observations required reconciliation with this interpretation. a) The administration of single iv doses of endotoxin to normal subjects sufficient to evoke febrile and toxic reactions as severe as those seen during the early phase of typhoid fever failed to induce cardiovascular hyperreactivity to catecholamines. b) Intradermal injection of mixtures of endotoxin with epinephrine in normal subjects did not elicit hemorrhagic lesions. c) Cardiovascular hyperreactivity to catecholamines persisted 1 or more weeks into the afebrile convalescent phase of typhoid fever. d) Cardiovascular hyperreactivity to catecholamines failed to appear during tularemia, a gram-negative 'bacterial infection clinically similar to typhoid fever.
The possibility is considered that typhoid fever evokes alterations in host reactivity permitting the S. typhosa endotoxin to enhance cardiovascular reactivity to catecholamines by release of substances whose activity persists after subsidence of the endotoxemia. The contribution of vasoactive factors released from sites of intestinal inflammation remains to be defined.
